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Neurobiology of Disease

Distinct Etiological Roles for Myocytes and Motor Neurons
in a Mouse Model of Kennedy’s Disease/Spinobulbar
Muscular Atrophy
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Polyglutamine (polyQ) expansion of the androgen receptor (AR) causes Kennedy’s disease/spinobulbar muscular atrophy (KD/SBMA)
through poorly defined cellular mechanisms. Although KD/SBMA has been thought of as a motor neuron disease, recent evidence
indicates a key role for skeletal muscle. To resolve which early aspects of the disease can be caused by neurogenic or myogenic mecha-
nisms, we made use of the tet-On and Cre-loxP genetic systems to selectively and acutely express polyQ AR in either motor neurons
(NeuroAR) or myocytes (MyoAR) of transgenic mice. After 4 weeks of transgene induction in adulthood, deficits in gross motor function
were seen in NeuroAR mice, but not MyoAR mice. Conversely, reduced size of fast glycolytic fibers and alterations in expression of
candidate genes were observed only in MyoAR mice. Both NeuroAR and MyoAR mice exhibited reduced oxidative capacity in skeletal
muscles, as well as a shift in fast fibers from oxidative to glycolytic. Markers of oxidative stress were increased in the muscle of NeuroAR
mice and were reduced in motor neurons of both NeuroAR and MyoAR mice. Despite secondary pathology in skeletal muscle and
behavioral deficits, no pathological signs were observed in motor neurons of NeuroAR mice, possibly due to relatively low levels of polyQ
AR expression. These results indicate that polyQ AR in motor neurons can produce secondary pathology in muscle. Results also support
both neurogenic and myogenic contributions of polyQ AR to several acute aspects of pathology and provide further evidence for disor-

dered cellular respiration in KD/SBMA skeletal muscle.

Key words: androgen receptor; neuromuscular; polyglutamine; SBMA; skeletal muscle; transgenic mice

Introduction

Kennedy’s disease (also known as spinobulbar muscular atrophy,
hereafter referred to as KD/SBMA), is a degenerative neuromus-
cular disease caused by CAG trinucleotide repeat expansion
mutations of AR (Kennedy et al., 1968; La Spada et al., 1991).
KD/SBMA is one of several CAG repeat expansion diseases, in-
cluding Huntington’s disease, the spinocerebellar ataxias, and
dentatorubral-pallidoluysian atrophy (Zoghbi and Orr, 2000;
Orr and Zoghbi, 2007), in which the resulting polyglutamine
expansion of the associated gene product causes neurodegenera-
tion. The cellular and molecular etiology of KD/SBMA remains
poorly understood and there is currently no treatment or cure.
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Until mouse models of KD/SBMA were generated, this disease
was generally thought to be a primary motor neuron disease (i.e.,
neurogenic in origin) based on clinical and histopathological ob-
servations of patients. Cellular models of this disease have there-
fore focused on modeling actions in motor neurons. However,
recent studies in mouse models of KD/SBMA have increasingly
pointed to contributions of polyglutamine (polyQ) expansion of
the androgen receptor (AR) in skeletal muscle (Monks et al.,
2007, Yu el al 2006, Palazzolo et al., 2009), which are necessary for
many chronic aspects of the disease (Cortes et al., 2014; Lieber-
man et al., 2014). In the absence of models with selective polyQ
AR expression in myocytes or motor neurons, it remains unclear
whether polyQ AR in these cells is sufficient to induce pathology.
Furthermore, given that the mouse models used to date express
polyQ AR throughout development, it is unclear which aspects of
the disease process result from the acute actions of polyQ AR
rather than less direct mechanisms such as latent developmental
effects or compensatory actions within cells and tissues.

The current study therefore evaluates acute pathology in a
novel mouse model in which expression of polyQ AR is induced
in adulthood for 4 weeks and expression of polyQ AR is limited to
either skeletal muscle cells (myocytes) or to motor neurons. We
find evidence for neurogenic contributions to motor dysfunction
and some forms of muscle pathology, whereas myogenic contri-
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butions to muscle pathology and alterations in muscle gene ex-
pression are more prominent.

Materials and Methods

Transgene engineering

HBY-rtTA/tetO-Cre. A 1 kb Agel/Fsel fragment of rtTA coding sequence
(cds) from a modified pTet-On plasmid (Le et al., 2008) was inserted
between the 9.4 kb promoter of HB9 and IRES-EGFP of the plasmid
pHB9-MCS-IRES-EGFP (kind gift from T. Jessel, Columbia University)
to give the recombinant plasmid pHB9-rtTA-IRES-EGFP (Fig. 14; ab-
breviated hereafter to pHB9-rtTA). The construction of the tetO-Cre
transgene has been described previously (Rao and Monks, 2009). A 12 kb
fragment of the HB9-rtTA-IRES-EGFP transgene was excised from the
plasmid pHB9-rtTA with Xhol. The 3.5 kb tetO-Cre fragment was iso-
lated from ptetO-Cre with HindIII and Xhol as described previously
(Rao and Monks, 2009).

CMV-stop-AR113Q. A floxed stop sequence was obtained from pBS-
Neostop (kind gift from Scott Zeitlin, University of Virginia; Dragatsis
and Zeitlin, 2001). An Nhel site was removed from within this sequence
via blunting before the addition of flanking Nhel sites, which were intro-
duced at existing Xbal and Kpnl sites using linkers. An Nhel fragment
containing the loxP Neostop sequence was then ligated between pro-
moter and coding sequences of the pSHBhARI13QcDNA transgene
(kind gift from Andrew Lieberman, University of Michigan; Yu et al,,
2006), yielding CMV-stop-AR113Q (Fig. 1B).

Animals

Transgenes (either CMV-stop-AR113Q or both HB9-rtTA and tetO-Cre)
were injected (or coinjected) into pronuclei of (C57BL/6 X C3H)F2
zygotes in the transgenic facility of the Van Andel Research Institute
(Grand Rapids, MI). Zygotes were then implanted into pseudopregnant
foster mothers. Genomic DNA from resulting founder mice were then
genotyped by quantitative PCR (qPCR) with rtTA-specific and Cre-
specific primers, as described previously (Rao and Monks, 2009), and
with primers complementary to sequences in the neomycin resistance
cassette within the floxed STOP sequence (primers = AGG ATC TCC
TGT CAT CTC ACC TTG CTC CTG, AAG AAC TCG TCA AGA AGG
CGA TAG AAG GCG). We verified that the CMV-stop-AR113Q trans-
gene integrated into the genome of transgenic (Tg) mice with an intact
CAG expansion using qPCR with transgene-specific primers flanking the
CAG repeat region (F = ACC GAG GAG CTT TCC AGA AT, R = CTC
ATC CAG GAC CAG GTA GC) on samples of genomic DNA (Fig. 1B).

HBY-1tTA/tetO-Cre double-Tg and CMV-stop-AR113Q single-Tg
founders were used for further analyses. Founder lines were maintained
by back-crossing Tg mice to wild-type (WT) C57BL/6 mice. For all stud-
ies, WT controls are siblings negative for both inducer and AR trans-
genes. Unless otherwise noted, all experimental animals were adult male
mice. Histological and gene expression studies were only performed on a
subset of animals in which behavior was measured.

Animals were housed in standard conditions at the University of To-
ronto—Mississauga. All procedures were approved by the University An-
imal Care Committee in accordance with the Canadian Council on
Animal Care and National Institutes of Health guidelines. To induce
transgene expression, the tetracycline analog doxycycline (Dox) (D9891
doxycycline hyclate; Sigma) was administered in drinking water at a
concentration of 2 mg/ml supplemented with 5% sucrose and provided
ad libitum to Dox-treated (Dox ) animals in light-proofed water bottles
for 3 d as described previously (Rao and Monks, 2009).

Analysis of HB9-rtTA/tetO-cre transgene expression using loxP
LacZ reporter mice

Mice from each founding line were crossed with LacZ reporter mice to
characterize transgene expression as described previously (Rao and
Monks, 2009). Briefly, to localize Cre activity, HB9-rtTA/tetO-Cre
double-Tg founders were crossed with homozygous B6.12954-
Gt(ROSA)26Sortm1Sor/] reporter mice obtained from The Jackson Lab-
oratory. In the resulting progeny, Cre expression results in a blue color in
a [3-galactosidase assay (X-gal staining). Resulting triple-Tg offspring
were genotyped from yolk sac, placenta, or pup tail genomic DNA and
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embryos were aged according to the day when vaginal plugs were ob-
served, which was counted as embryonic day 0.5 (E0.5).

Embryonic pups were induced by delivering Dox to the dam. Control
(Dox ) mice received standard drinking water. A minimum of three
adult mice of each sex in each group (Tg Dox ", Tg Dox ~, and WT
Dox ) were examined. A total of 15 Tgand 16 WT embryos were exam-
ined, but these were not sexed.

Embryos were dissected in ice-cold 1X PBS and placed in fixative
solution (2% paraformaldehyde/0.2% glutaraldehyde). Fixed embryos
were then stained with 0.1% X-gal (5-bromo-4-chloro-3-indolyl-3-p-
galactoside) for 24 h. After staining, embryos were further fixed in 4%
paraformaldehyde and then photographed using a Nikon CoolPix 995
camera attached to a Nikon SMZ800 dissection microscope.

Cryostat sections (12 uwm) of spinal cords were prepared and kept
frozen at —80°C until X-gal staining. Slides were then placed in the
fixative solution (described above) before incubation in X-gal solution
(described above) for 24 h. Slides were stained with 0.05% safranin be-
fore dehydration with graded ethanol and clearing with xylene. Slides
were coverslipped using Permount.

Measurement of motor function

Body weight and gross motor function of adult male mice was assessed 4
weeks after Dox treatment using a battery of tests as described previously
(Monksetal.,2007). Atleast 6 animals per group were measured, all of which
were, ~4 months of age at Dox treatment (range 114—124). The testing
session included three trials of hang test, gait, grip strength, and constant-
speed rotorod, with the best performance being recorded for each day.

Measurement of mRNA using gqPCR

qPCR for AchRa, AchRb, Ankrd1, Hsp7, Fbx032 and Vegfa was performed
as described in Mo et al., 2010. Briefly, DNase-treated mRNA was reverse
transcribed using dT20VN primer (Sigma) with SuperScript II before
ampification with SYBR Green JumpStart Taq ReadyMix (Sigma). The
Mx4000 Multiplex Quantitative PCR System (Stratagene) was used for
data acquisition and analysis according to the instructions of the manu-
facturer. Samples were incubated at 95°C for 10 min before thermal
cycling (40 cycles of: 95°C for 30 s, 57°C for 30 s, and 72°C for 30 s). gPCR
for AR was performed in the same way with the following primers: F =
AGG AAG CAG TAT CCG AAG GCA, R = GGA CAC CGA CACTGC
CTT ACA. All samples were run in duplicate and with a no reverse
transcription condition as technical controls for reproducibility and to
rule out genomic DNA contamination. A melting curve was also per-
formed to assess product quality. Efficiency of reaction was then deter-
mined for ROX-normalized fluorescence measurements and a final
calculation of the fold induction from the Ct values and the expression of
each test gene was normalized to the level of GAPDH.

Measurement of AR by Western blotting

Quadriceps muscles were dissected and frozen at —80°C until use. Sam-
ples were homogenized with a glass tissue grinder and then sonicated in
ice-cold RIPA lysis buffer supplemented with protease inhibitor mixture
(Sigma-Aldrich). Protein was quantified through the Bradford assay
(Thermo Fisher Scientific) and 50 g of total protein per sample was
resolved by 7.5% Tris-glycine SDS-PAGE and wet transferred onto a
PVDF membrane (Immobilon-P; Thermo Fisher Scientific). After
blocking with 5% skim milk in TBS/Triton X-100 (0.05%), the mem-
brane was then incubated with primary antibody overnight at 4°C. Poly-
clonal rabbit anti-AR (1:50; Santa Cruz Biotechnology) and monoclonal
rabbit anti-actin (1:10000; Sigma-Aldrich) primary antibodies were used.
The next day, the membrane was rinsed with TBS/Triton X-100 and incu-
bated with HRP-conjugated goat anti-rabbit (Thermo Fisher Scientific) for
2 h at room temperature. Chemiluminescent signal was detected using the
SuperSignal West Femto Substrate (Thermo Fisher Scientific).

Histology

Analysis of cell number and size in muscle with hemotoxylin and eosin,
as well as spinal cords with thionin, were performed as described previ-
ously (Monks et al., 2007; Niel et al., 2009). Succinate dehydrogenase
(SDH) and NADH staining was performed as described previously
(Monks etal., 2007; Musa et al., 2011). Fiber typing was performed using
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Figure1. A, Top, Diagram of HB9-rtTA-IRES-EGFP transgene. HB, Ppromoter of homeobox9 gene; rtTA, reverse tet-controlled transactivator; IRES, internal ribosomal entry site; EGFP, enhanced
green fluorescent protein; (A)n, mouse metallothionein polyadenylation signal. Bottom, Photomicrographs of crosses of LacZ reporter mice with HB9-rtTA-IRES-EGFP/tet0-Cre mice. Bottom left,
E14.5 Tg embryos gestating in dams treated with the tetracycline analog Dox for 3 d before dissection (Dox *) or untreated dams (Dox ~). Arrows indicate staining along spinal column
corresponding to ventral roots. Bottom right, Sections from adult Tg mice either treated with Dox or untreated demonstrating staining in motor neurons after Dox administration. Asterisk indicates
the position of central canal. Arrow indicates stained motor neurons after Dox treatment. Scale bar, 150 wm. B, Top, Diagram of CMV-AR113Q transgene. CMV, mini cytomegalovirus promoter; STOP,
floxed NEO-stop cassette; HAR, human AR clone with expanded CAG repeat (Q). loxP sites and restriction sites used to excise the constructs from plasmid before microinjection are also indicated.
Second row, AR measurement in MyoAR and NeuroAR mice. As expected, AR was elevated in muscle only in MyoAR mice and in motor neurons only in NeuroAR mice. Left, gPCR measurement of AR
in anterior tibialis muscle indicates AR mRNA s elevated in myoAR mice ~10 X relative to WT (n, 6/group). Middle, the percentage of motor neurons immunoreactive for AR in the retrodorsolateral
nucleus is elevated relative to WT (n = 611 per group). Right, No differences in the number of AR * interneuronsin lamina X (n = 3-5 per group). *p < 0.05 for indicated comparison. Third row,
PolyQ-expanded AR is expressed selectively in muscle. Left, PCR products obtained using primers that flank the CAG repeat region of the transgene on genomic DNA from CMV-stop-AR113Q mice
demonstrate expanded region relative to DNA from an AR26Q clone. No template control and 100 bp ladder are also shown. Right, Western blot for AR in muscle of two mice of each genotype showing
that polyQ AR (AR113Q) is detectable only in MyoAR mice. Actin Western blot used as a loading control is shown at bottom. Fourth row, 1C2-immunoreactive nuclei are observed in muscle of MyoAR
mice. Left, Graph indicating that the number of 102 ™ nuclei is increased selectively in MyoAR mice (n = 3/group). *p << 0.05 for indicated comparison. Right, Photomicrographs illustrating
increased 12 staining in EDL muscle of MyoAR mice. Scale bar, 50 pm.
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Table 1. Summary of phenotypes of MyoAR and NeuroAR mice
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Motor Gene expression Fiber type Oxidative stress Inclusions
MyoAR Normal Dysregulated Shift to glycolytic Normal in muscle, reduced in cord +Muscle, —cord
NeuroAR Mild deficit Normal Shift to glycolytic Increased in muscle, reduced in cord —Muscle, —cord
Body weight Rotarod Hang Grip Stride
40 120 500
g, S 500 2100 + 3400 —gso
5 T 40 E 80 s <
2 s 5 5 300 £ 40
220 + 300 ; 60 : g'
2 £ 200 £ 40 g 200 2
S10 ] s 4 820
% 100 8 2 100 3
0 o [ [ “ 0
MyoAR NeuroAR MyoAR NeuroAR wWT MyoAR  NeuroAR MyoAR NeuroAR MyoAR NeuroAR

Figure 2.

Motor deficits in endurance-related tests in NeuroAR but not MyoAR mice. Mice were tested 4 weeks after induction with Dox and reduced performance was observed only in NeuroAR

mice. Differences in motor function were not secondary to altered body weight (n = 611 per group). *p << 0.05 relative to MyoAR; +p << 0.10 relative to WT.

SDH in combination with anti-fast myosin heavy chain (My32; Sigma)
on alternate sections as described previously (Fernando et al., 2010). AR
immunohistochemistry on spinal cord sections was performed using a
rabbit monoclonal anti-AR antibody (1:100, 3165-1; Epitomics) as de-
scribed previously (Swift-Gallant and Monks, 2013). The percentage of
AR-positive cells was determined by counting AR ™ cells in the retrodor-
solateral nucleus (RDLN) manually at 400X magnification and then
correcting to total cell number by restaining with neutral red as described
previously (Zuloaga et al., 2007). For lamina X neurons, a similar ap-
proach was taken, but cell counts were performed automatically using
ImageJ on photomicrographs of a single section corresponding to the
middle of the rostrocaudal extent of the RDLN.

Staining for PolyQ AR was performed using the 1C2 antibody (clone
MABI1574, 1:10,000; Millipore). Quantification of 1C2 staining was per-
formed manually on two nonoverlapping photomicrographs taken at
1000 X magnification from an extensor digitorum longus (EDL) muscle
section for each subject. Counts were then averaged for each subject
before statistical analysis.

Staining for motor neurons was performed using an anti-choline
acetyltransferase (ChAT) antibody (1:100; polyclonal MAB144P-200UL;
Millipore) The total number of neurons in the RDLN was estimated by
live counting the ChAT-stained motor neurons at 400 X magnification in
every fourth section of its rostrocaudal extent.

Staining for oxidative stress markers (8-OHdG and nitrotyrosine)
were performed using immunohistochemistry largely as described
above, with the following modifications. Tissue was incubated in 0.05%
sodium citrate buffer at 85°C for 30 min before blocking in 10% normal
horse serum and incubating with primary antibodies overnight at 4°C
(1:100, 8-OHAG SC-66036; Santa Cruz Biotechnology; 1:100, anti-
nitrotyrosine, MAB5404; EMD-Millipore). Quantification of relative
optical density (ROD) was performed on images for two soleus (SOL)
and spinal cord sections. Images were captured at 200X magnification
and ROD was calculated using Image]. Values obtained from no primary
control sections were subtracted from matched primary sections. The
entire image was measured for SOL sections and three motor neurons per
subject were outlined in Image] for cord sections.

For statistical analysis, data were analyzed using ANOVA for genotype,
followed by Tukey’s tests for pairwise comparisons. In all cases, o was set
at 0.05.

Results
A summary of the results is presented in Table 1.

Tg mice

Characterization of the ACTA-rtTA/tetO-Cre mouse has been
described previously (Rao and Monks, 2009). We verified tissue-
and cell-type specificity of HB9-rtTA/tetO-Cre using a similar

strategy of crossing with a LacZ reporter mouse (the HB9-rtTA
transgene is depicted in Fig. 1A, the coinjected tetO-Cre trans-
gene was identical to that used in Rao and Monks, 2009).
B-galactosidase activity in reporter mice (Fig. 1A) was restricted
to motor neuron cell bodies in the spinal cord and processes in
ventral roots and 3-galactosidase was readily detected only after
treatment with the tetracyline analog Dox.

To generate mice that selectively express polyQ AR in myocytes
(referred to hereafter as MyoAR), we crossed ACTA-rtTA/tetO-Cre
and CMV-stop-AR113Q mice. Selective transgene expression in
MyoAR mice was verified using qPCR for AR in skeletal muscle. As
expected, AR mRNA and protein were elevated in the skeletal muscle
of Tg MyoAR miice relative to WT littermate controls (Fig. 1B), but
not in crosses between HB9-rtTA/tetO-Cre and CMV-stop-
AR113Q (referred to hereafter as NeuroAR), which were engineered
to express polyQ AR in motor neurons. Interestingly, the protein
expression in muscle was considerably lower than predicted by
mRNA (Fig. 1B). This observation may be explained by the technical
difficulty in solubilizing polyQ AR aggregates. Consistent with this
hypothesis, abundant 1C2-immunoreactive nuclei were observed in
MyoAR muscle (Fig. 1B). To resolve the cell types within the spinal
cord resulting from NeuroAR, we further validated specificity of
overexpression using immunohistochemistry for AR. As expected,
NeuroAR mice had an increased percentage of AR © motor neurons
in the RDLN relative to both MyoAR mice and WT mice, but no
increase in AR™ neurons in lamina X (Fig. 1B). Together, these
results indicate that specificity in polyQ AR expression had
been achieved, with MyoAR and NeuroAR mice expressing
polyQ AR in a muscle-specific and motor-neuron-specific
manner, respectively.

Behavioral analysis

In contrast to HSA-AR mice (Monks et al., 2007), no overt atrophic
phenotype was observed in either MyoAR or NeuroAR mice. Both
NeuroAR and MyoAR mice appeared grossly normal after acute (4
weeks) transgene induction. No overt postural (e.g., kyphosis) or
behavioral signs (e.g., lethargy, joint contracture) of neuromuscular
atrophy were present nor was there a reduction in body weight
(Fig. 2). However, evidence of motor dysfunction on endur-
ance tasks was found in NeuroAR mice (Fig. 2). Although
muscle-specific wild-type AR overexpression can result in
profound muscular atrophy (Monks et al., 2007), these results
suggest that other sites of polyQ AR expression, longer periods
of transgene induction, and/or higher levels of transgene over-
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Figure 3.  Alterations in gene expression in anterior tibialis muscle of MyoAR mice. qPCR was used to estimate mRNA abundance of Ankrd1, ChrnaT, Chmb1, Fbxo32, Hspb7, and Vegfa (n = 6 per group).

Alterations in Ankrd1, ChrmaT, Chrnb1, and Hspb7 similar to those seen in other mouse models of KD/SBMA were observed in MyoAR but not NeuroAR mice. *p << 0.05 relative to all other groups.
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Figure4.  Absence of gross histopathology in skeletal muscle or spinal cord of MyoAR or NeuroAR mice. Hematoxylin and eosin stained muscle sections from extensor digitorum longus (EDL) and soleus (SOL)
from WT, MyoAR, and NeuroAR mice (Top). Thionin-stained lumbar 5 spinal cord sections (cord) with associated motor neuron pools (MN) are also presented (middle and bottom, respectively). Scale bars, 50 um
for muscle and MN photomicrographs and 150 wum for spinal cord. Note: No difference in fiber number in EDL and SOL muscles was observed for WT, MyoAR, and NeuroAR mice (n = 11-21 per group). In
addition, no difference in number or functionality (as shown by ChAT staining) of lumbar segment 5 and 6 retrodorsolateral (RDLN) motor neurons was observed (n = 5-9 per group).

expression would be required for more overt signs of pathol- ~ (Monksetal.,2007). Because we are primarily interested in the
ogy in CMV-stop-AR113Q mice. Certainly, the level of  site(s) which initiate(s) the early stages of pathology within
overexpression of AR in skeletal muscle of MyoAR mice is  KD/SBMA, we did not attempt to determine the end stages of
orders of magnitude smaller than that in HSA-AR mice  disease progress in these mice.
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alterations in skeletal muscle gene expres-
sion typical of KD/SBMA can be repro-
duced solely with acute expression of polyQ
AR in myocytes.

NeuroAR

-

Histopathology

We assessed potential histopathology in
skeletal muscle and spinal cord sections
(Fig. 4) and found no obvious disorgani-
zation of these tissues. We also found nei-
ther a loss of motor neurons nor a
reduction in their size in either NeuroAR
or MyoAR mice. We confirmed that there
was no obvious loss in motor neuron
functionality using a ChAT stain (Fig. 4).
Similarly, we found no alterations in
number of EDL or SOL fibers. Together,
these results indicate that neither acute
myocyte nor acute motor neuron expres-
sion of polyQ AR is sufficient to cause mo-
tor neuron loss or obvious muscular
pathology. These features of KD/SBMA
may require other loci and/or longer peri-

mm
EDL soL

EDL

*
*
m
FG FO

100 -

80 -
60+
40

% of Fibers
% of Fibers

204

i,

Slow

Slow

w
8 & 8

Minor Ellipse
-
e

Minor Ellipse

Slow FG FO Slow

Figure 5.

Gene expression

We measured expression of several candidate genes (Ankrdl,
Chrnal, Chrnbl, Fbxo32, Hspb7, and Vegfa), which were previously
identified as being dysregulated in a microarray study of gene expres-
sion in skeletal muscle of mouse models of KD/SBMA (Mo et al.,
2010). Here, we found that most of these genes (Ankrdl, Chrnal,
Chrnb1, and Hspb7) were similarly altered in MyoAR mice (Fig. 3).
Interestingly, we found no alteration of any of these candidate genes
in the muscle of NeuroAR mice, although it remains possible that
motor neuron expression of polyQ AR affects expression of other
KD/SBMA candidate genes in muscle. These results indicate that

] 5 &
| * *
EDL SOL
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FG

FG

Reduced diaphorase staining in both MyoAR and NeuroAR mice. A, Photographs of SDH-stained extensor digitorum
longus (EDL) and soleus (SOL) from WT, MyoAR, and NeuroAR mice indicate dramatically reduced oxidative capacity. Scale bar, 50
. B, Quantification of the percentage of fibers staining darkly for SDH and NADH (n = 5-10 per group) confirms that both
MyoAR and NeuroAR mice have fewer fibers with high oxidative metabolic capacity in EDL and SOL. , Fiber typing indicates a shift
in fast fibers in the EDL from oxidative to glycolytic in both MyoAR and NeuroAR mice (n = 4-9). The size of the minor ellipse
(measured in micrometers) of fast glycolytic fibers was reduced in the EDL of MyoAR but not NeuroAR mice. *p << 0.05 relative to WT.

ods of polyQ AR expression to manifest.

Diaphorase staining

Because diaphorase staining is altered
in other mouse models of KD/SBMA
(Monks et al., 2007; Musa et al., 2011;
Rinaldi et al., 2012), we examined NADH
(corresponding to complex I of the elec-
tron transport chain) and SDH (corre-
sponding to complex II of the electron
transport chain). Although we did not ob-
serve disorganization in diaphorase stain-
ing such as that exhibited by HSA-AR
mice (Monks et al., 2007), we found a
global reduction in NADH and SDH stain-
ing in both MyoAR and NeuroAR mice
(Fig. 5A, B), indicating that deficits in oxida-
tive metabolism in muscle can result from
acute polyQ AR toxicity either directly in
myocytes or indirectly via motor neurons.

FO

FO

Fiber typing

We found a shift in proportion of fast fibers
in EDL but not SOL in both NeuroAR and
MyoAR mice such that fewer fast oxidative
fibers, but more fast glycolytic (FG) fibers,
are observed (Fig. 5C, top). A reduction in
size of fast glycolytic fibers was also observed
in EDL of MyoAR but not NeuroAR mice,
consistent with mild muscular atrophy (Fig. 5C, bottom). These re-
sults indicate that polyQ AR action in either muscle or motor neuron is
sufficient to alter FG muscle fibers, but this effect is limited by muscle
type, as has been reported for contraction dynamics in the HSA-AR
model (OKki et al., 2013).

Oxidative stress

8-OHdG and nitrotyrosine are markers of oxidative stress that are
increased in tissues of a mouse model of KD/SBMA (Iida et al,,
2014). We found that 8-OHdG staining of the SOL muscle was sig-
nificantly increased in NeuroAR Tg mice relative to WT and MyoAR
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Oxidative stress markers in muscle and motor neurons of MyoAR and NeuroAR mice. Top, Photomicrographs of 8-OHdG staining in soleus (SOL) muscle (top row) and nitrotyrosine

staining in spinal cord sections (bottom row) of WT, MyoAR, and NeuroAR mice. Scale bar, 100 um. Bottom, Graphs representing mean == SEM ROD (measured in arbitrary units) of 8-OHdG staining
in SOL (right) and nitrotrosine staining in motor neurons (left). 8-OHdG is elevated in SOL of NeuroAR mice relative to both WT and MyoAR mice (n = 3—4 per group). Nitrotyrosine is reduced in both

MyoAR and NeuroAR mice relative to WT. *p << 0.05 for indicated comparison.

mice (Fig. 6). In contrast, nitrotyrosine staining was significantly
reduced in motor neurons of both MyoAR and NeuroAR mice (Fig.
6). No significant differences were found between genotypes after
8-OHJG staining of motor neurons or after nitrotyrosine staining in
muscle. These results suggest a complex relationship between polyQ
AR expression and oxidative stress in muscle and motor neurons,
which depends on tissue type and marker of stress. The results are
also consistent with the notion that oxidative stress in muscle partic-
ipates in motor dysfunction, but are inconsistent with its participa-
tion in gene dysregulation or reduced oxidative metabolism.

Discussion
The present study indicates that acute polyQ AR overexpression
restricted to either skeletal myocytes or to motor neurons can
produce features of pathology associated with more global and
chronic expression of polyQ AR in other mouse models. This is
consistent with the necessity of polyQ AR in myocytes for many, but
not all, aspects of pathology (Cortes et al., 2014). MyoAR mice ex-
hibited alterations in gene expression in skeletal muscle typical of
KD/SBMA, along with some reduction in fiber size. NeuroAR mice
displayed some gross motor deficits. Interestingly, both MyoAR and
NeuroAR mice exhibited reduced diaphorase staining in skeletal
muscle and associated fiber type switching. Importantly, neither
MyoAR nor NeuroAR produced loss of motor neurons or myocytes,
supporting our attempt to model early stages of disease progression.
Although we found many pathological features in NeuroAR
and MyoAR mice that were similar to those reported in other
mouse models of KD/SBMA, in some cases, pathology mani-
fested differently. Notably, although increased diaphorase stain-

ing has been reported in HSA-AR mice (Monks et al., 2007) and
AR97Q mice (Rinaldi et al., 2012), we found that it was reduced
in MyoAR and NeuroAR mice. Similarly, alterations in fiber type
were more pronounced in the EDL rather than SOL in the present
study, whereas contraction dynamics were more severely affected
in SOL in HSA-AR mice (OKki et al., 2013). This puzzling finding
might reflect a nonlinear relationship between AR pathology and
oxidative metabolism of muscle, such that aberrant AR produces
dysregulation of mitochondrial function rather than a simple
increase or decrease. Alternatively, because our model involves a
relatively acute transgene induction, it may be that the increase in
diaphorase staining in chronic mouse models is preceded by reduced
diaphorase staining. Nonetheless, the present findings support the
notion that altered AR signaling affects oxidative metabolism and/or
mitochondria in skeletal muscle in a variety of contexts (Monks et
al., 2007; Musa et al., 2011; Fernando et al., 2010; Rinaldi et al., 2012;
Ranganathan etal., 2009) and also indicate that these alterations may
have both myogenic and neurogenic origins.

Despite the disturbance in oxidative metabolism indicated by
diaphorase staining, we found no clear association between re-
duced diaphorase staining in muscle and alterations in markers
of oxidative stress (8-OHdG and nitrotyrosine). Although we did
not measure diaphorase staining in spinal cord, nitrotyrosine
(but not 8-OHdG) was decreased in both MyoAR and NeuroAR
mice, which would be expected if oxidative metabolism is reduced.
However, nitrotyrosine staining was unaffected in muscle of MyoAR
and NeuroAR mice, which show decreased diaphorase staining. This
observation argues against a simple scenario in which oxidative
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stress and oxidative metabolism change in concert with one another.
An alternative explanation may be that the oxidative stress markers
instead track ongoing energetic demands rather than oxidative ca-
pacity. According to this view, oxidative stress in motor neurons
might be reduced as a consequence of reduced spontaneous activity,
for example, whereas 8-OHdG staining in SOL was increased in
NeuroAR mice, possibly reflecting increased task demands of motor
testing due to endurance deficits in these mice.

That MyoAR and NeuroAR can manifest similar pathology
raises the question of how these sites of action can converge
through necessarily divergent mechanisms. Cell autonomous ef-
fects, such as the alterations in gene expression in skeletal muscle
observed in MyoAR mice, are easily understood, but more complex
conceptual models are required to explain cell nonautonomous ef-
fects. Muscle—nerve interactions are well studied and mechanisms
that are thought to mediate normal development, plasticity, and
repair of neuromuscular systems (e.g., release of growth factors by
musculature and regulation of muscle physiology via alterations in
synaptic transmission) are likely to play a role as well. Indeed, several
theories of KD/SBMA center on dysregulation of muscle-nerve in-
teractions (Rocchi and Pennuto, 2013; Katsuno et al., 2006).

Importantly, neither MyoAR nor NeuroAR produced a full
spectrum of KD/SBMA symptoms. This may be explained in sev-
eral ways. It remains possible that longer treatments or higher
expression levels might produce more pathology. Although
MyoAR mice have relatively strong expression of polyQ AR, rel-
atively low levels of polyQ AR expression in motor neurons in
NeuroAR mice are likely because we saw no obvious increase in
1C2 immunoreactivity or AR-immunoreactive nuclear inclu-
sions in the spinal cords of NeuroAR mice. AR-immunoreactive
inclusions are a hallmark pathological sign in KD/SBMA, but
they are inconsistently present in cell and mouse models. Higher
expression levels and/or longer periods of expression may be nec-
essary for their manifestation. It seems likely that the length of
time of polyQ AR expression is a more decisive factor for inclu-
sions because insoluble aggregates of polyQ AR occur late in the
cytotoxic process (Takahashi et al., 2008) and we did not observe
inclusions in muscle of MyoAR mice (which have relatively strong
expression) in the present study. Aside from expression level and
length of time of polyQ AR expression, endogenous AR produced by
the mice may protect against KD/SBMA symptoms (Thomas et al.,
2006). More to the point, it remains possible that expression is re-
quired in more than one cell type and that expression of polyQ AR in
other cell types in muscle, the nervous system, or elsewhere are piv-
otal in KD/SBMA etiology. Finally, complex interactions between
several sites of polyQ AR action may be required.
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